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ABSTRACT

Polyvinyl alcohol (PVA)/SiO,-modified stainless steel mesh was fabricated to use as an underwater
superoleophobic membrane for a high effective separation of oily wastewater. The fabricated mem-
branes showed superhydrophilic properties in air and underwater superoleophobicity. The underwater
oil contact angles of modified membranes were up to 156.6°. The maximum separation efficiency
of PVA/SiO,-modified stainless steel mesh for hexane, cyclohexane, diesel, soybean oil, lubricating
oil, and silicone oil was 99.4%, 99.3%, 99.6%, 99.0%, 98.6%, and 98.0%, respectively. In addition, the
PVA/SiO,-coated stainless steel mesh still retained high separation efficiency (above 95%) for hexane
after 100 separation cycles. This membrane also exhibited durable underwater superoleophobicity in
the pH range from 4 to 10. The membranes were prepared in a single step by the dip-coating method.
The PVA/SiO,-coated meshes had high efficiency, high flux, and good reusability. The modified
membranes could effectively separate oil from water without depending on any extra power. This

membrane could be a promising product for the cleanup of oil spills and oily wastewater.
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1. Introduction

A large amount of oily wastewater are being released
everyday due to the industrial material processing [1], as
well as frequent crude oil leakage [2], such as daily chem-
ical, metallurgical, petrochemical, and food industries. On
one hand, the oily wastewater generated from industrial
material processing has become one of the most significant
ways in waste of water resources [3]. On the other hand, the
frequent oil spill accidents have a long term and lethal influ-
ence on people and even the whole ecosystem [4]. Therefore,
it is very imperative to handle oily wastewater appropriately.
Oil-water separation is an effective approach for the reuse of
oil and water. Conventional methods, such as electric field,
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gravity separation, and centrifugation, have been widely
used as separation technologies. However, these approaches
have a lot of limitations due to the generation of secondary
pollutants, low separation efficiency, and large size [5,6].
Meanwhile, the membrane separation technology, due to
its promising advantage for oil-water separation, is rapidly
developing.

Superhydrophobic and superoleophilic membranes,
based on their low energy cost and high oil removal effi-
ciency, could be used to effectively separate oil from contami-
nated oil-water mixtures by filtering [7,8]. Nevertheless, these
superhydrophobic membranes for oil-water separation were
inevitably fouled by oils on account of their high oils affinity,
thereby resulting in the decrease of the separation efficiency
[9,10]. Recently, Xue et al. [11] inspired by fish scales to design
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a “water-removing” filtration mesh with superhydrophilic
and underwater superoleophobic properties, which can solve
the problem of membrane fouling. Based on this innovative
method, hydrogels [11,12], polymer membranes [13-16],
hydrophilicnanoparticles [17,18], and metal oxides[19-21]had
been used to prepare the underwater superoleophobic mate-
rials. These materials can be used for oil-water mixtures, and
most of them have high separation efficiency. Nevertheless,
hydrogels and polymer membranes are susceptible to mechan-
ical damage, and they also have low flux. Some researchers
used meshes as substrates and then coated them with poly-
mers and nanoparticles to enhance their mechanical strength
and flux. Hou et al. [22] used poly(diallyldimethylammonium
chloride)/halloysite nanotubes-modified mesh to fabricate
a new synthetic underwater superoleophobic material with
high durability and chemical stability. Liu et al. [23] prepared
a chitosan/SiO,-coated mesh which showed a stability in
harsh corrosive water. These works inspired us to prepare a
polymer-nanoparticles composite material with high flux,
stability, and durability.

Polyvinyl alcohol (PVA) is a kind of green and
environmentally friendly hydrophilic polymer materials.
Due to its hydrophilicity, PVA membranes have been
fabricated to be used in many fields, such as biomedicine
[24], antifouling [25], pervaporation [26], etc. Fan et al. [27]
fabricated an underwater superoleophobic oil-water sepa-
ration membrane with PVA and cellulose filter paper by a
simple crosslinking process. The membrane was effective
for oil-water separation in complex environment. The low
mechanical strength and flux of filter paper were not benefit
for filtration. Gu et al. [28] used PVA/SiO, nanocomposite
coating to fabricate a durable underwater superoleophobic
surface. This coated glass material showed a higher
underwater superoleophobicity and exhibited an underwater
self-cleaning performance. However, it was not reported that
PVA/SiO, nanocomposite was appropriate for the porous
materials to separate oily wastewater.

In this work, a simple modification method was pro-
vided to fabricate a stable and durable oil-water separation
membrane. Stainless steel mesh was used as substrate to pre-
pare the underwater superoleophobic oil-water separation
membrane. The stainless steel mesh substrates can increase
the separation efficiency and durability for oil-water separa-
tion. PVA/SiO, nanocomposite coatings were used to provide
stainless steel mesh a rougher surface and hydrophilic chem-
ical constitution. The filtration flux, separation efficiency,
chemical property, and reusability of modified stainless steel
mesh were characterized in this work. It would demonstrate
extensive application prospect for different kinds of oil-
water mixture wastewater.

2. Materials and methods
2.1. Materials

Stainless steel meshes (bore diameter 50 pm) were
obtained from Shanghai Hongxiang Metal Mesh Co., Ltd
(Shanghai, China). The reagents including SiO, (Aerosil
R200, hydrophily, particle size < 20 nm) and PVA (molec-
ular weight of 84,000-89,000, 88% hydrolyzed) were pur-
chased from Shanghai Sinopec Co., Ltd (Shanghai, China).

Glutaraldehyde (biochemical reagent, 25% in water), 1,
2-dichloroethane (analytical reagent [AR]), acetone (AR),
absolute ethyl alcohol (AR), hexane (AR), cyclohexane (AR),
hydrochloric acid (AR), and water black pigment (AR)
were purchased Shanghai Sinopharm Chemical Reagent Co
(Shanghai, China). The deionized water was self-made in the
laboratory. Diesel (density at 20°C = 0.8170 g cm™, viscosity
=6.51 mm?s™), soybean oil (density at 20°C = 0.9255 g cm™,
viscosity = 7.26 mm? s7), lubricating oil (density at 20°C =
0.7881 g cm™, viscosity = 47-57 mm? s™), and silicone oil
(density at20°C=0.9630 g cm™=, viscosity =92-108 mm?s™) was
obtained from Minghe petrol station of Sinopec in Baoshan
district (Shanghai, China).

2.2. Methods
2.2.1. Preparation of PVA coating

The PVA powder (1 g) was dissolved in 100 mL of deion-
ized water with magnetic stirring at room temperature. A
total of 1 wt% of PVA aqueous solution was obtained after
the complete dissolution of PVA.

2.2.2. Preparation of PVA/SiO, coating

SiO, (5 g) was dispersed in 100 mL of absolute ethyl alco-
hol with magnetic stirring for 30 min. The SiO,-alcohol sus-
pension was charged into 1 wt% of PVA aqueous solution
with stirring, and then the mixture was ultrasonically dis-
persed by using an ultrasonic cleaner for 10 min. The pH of
the obtained solution was adjusted to 3 by hydrochloric acid.
Then the glutaraldehyde (0.5 mL) was added into the mixture
with vigorous stirring.

2.2.3. Preparation of PVA/SiO, meshes

The stainless steel meshes were cut into square shape
(6 cm x 6 cm). Then they were cleaned with acetone, absolute
ethyl alcohol, and deionized water for 30 min, respectively,
by using an ultrasonic cleaner. After that, they were dried
at 60°C for 30 min to remove the moisture completely. The
stainless steel meshes were dipped into the PVA/SiO, coating
solution for 15 s and dried at 60°C for 2 h.

2.3. Characterizations

2.3.1. Attenuated total reflection-Fourier transformed infrared
spectroscopy (ATIR-FTIR) spectra

The surface functional groups of the sample were
detected using Nicolet-380 spectrometer (Thermo Fisher Ltd,
USA) at room temperature. The spectra were performed in
the range from 4,000 to 400 cm™ with an accumulation of
40 scans at 16 cm™ resolution. The membranes were set on
the sample stage, and the overall test process was performed
by OMNIC software.

2.3.2. Scanning electron microscopy

The surface morphology of the samples coated with
Au was investigated using scanning electron microscopy
(SEM, SU-1510, Hitachi Ltd, Japan). Before measurements,
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the machine was vacuumized by turbo molecular pump.
The samples were cut into square shape (1 cm x 1 cm) and
adhered on the conducting resin. Then, the obtained samples
were sprayed by sputter coater for 5 min. SEM images were
examined at an accelerating voltage of 20 kV.

2.3.3. Energy dispersive X-ray spectrometer

Energy dispersive X-ray spectrometer (EDS) analysis of
the samples was carried out on the same machine with SEM
(SEM, SU-1510, Hitachi Ltd, Japan) to determine the chemical
composition of the samples. The measurements were obtained
in width and depth of 15 mm and the take-off angle of 35°.

2.3.4. Contact angle

The contact angles (CA) and oil contact angles (OCA) of
the surface carried out using CA measuring device (OCA30,
Dataphysics, Germany). The measurements of water CA in
air were carried out with an 8 uL droplet of deionized water.
For the underwater OCA, oil (1, 2-dichloroethane) droplets
(8 pL) were syringed out to the surfaces of the samples which
were immersed in a silica glass cuvette filled with water. The
final results were obtained with the average of three different
monitoring points.

2.3.5. The stability experiment

The stability experiment was characterized by the OCA
of the samples. Before measurements, the modified meshes
were immersed in acidic, alkaline, and neutral environment
for 12 h, 24 h, and 48 h, respectively. The pH of acidic, alka-
line, and neutral environment was 4, 7, and 10, respectively.

2.3.6. Oil—water separation experiment

The oil-water separation was proceeded by using the
improved sand-core filter. The prepared stainless steel
meshes were fixed between two glass tubes. The oil-water
mixture (about 100 mL of oil and 100 mL of water were
mixed through a shake process) was poured into the upper
glass beaker. The reusability measurements were obtained
by repeating the above steps. After every experiment of the
oil-water separation, the prepared mesh was washed by
deionized water for later test. The mesh flux was tested in
the process of separation efficiency experiment. The separa-
tion efficiency of the samples was calculated after each cycle.
The whole process was proceeded in the gravity conditions.
The oil-water separation efficiency of six oils, such as hexane,
cyclohexane, diesel, soybean oil, lubricating oil, and silicone
oil, were examined in this work.

3. Results and discussion
3.1. Functional groups

The ATR-FTIR spectra of stainless steel meshes,
PVA-modified meshes, and PVA/SiO,-modified meshes are
shown in Fig. 1. The stainless steel meshes did not have any
obvious characteristic peak. The new absorption peaks at
3,369, 2,925, 1,190, 1,069, 805, and 464 cm™ were observed in
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Fig. 1. ATR-FTIR spectra of stainless steel mesh, PVA-coated
stainless steel mesh, and PVA/SiO,-coated stainless steel mesh.

PVA/SiO,-modified meshes. The absorption bands at 3,369
and 2,925 cm™ corresponded to the stretching vibration of
hydroxyl groups (-OH groups) [29,30], which were the resid-
ual hydroxyl groups of PVA chains after crosslinking between
PVA and glutaraldehyde. They were observed both in PVA
and PVA/SiO,-modified meshes. The peak at 1,069 cm™ was
the characteristic peak of the C-O groups [31]. Compared
with the absorption peaks in the spectrum of PVA-modified
meshes, obvious enhancement of absorption peaks could
be observed from PVA/SiO,-modified meshes at 1,069 cm™.
This was due to that the stretching vibration of Si-O-Si
groups [32] was overlapped with C-O groups at 1,069 cm™.
New absorption peak appeared at 805 and 464 cm™, which
were the stretching vibration of the Si-O [32,33]. The absorp-
tion at 1,190 ecm™ indicated the stretching vibration of
—-C-O-C- groups. These results implied the crosslinking
reaction between PVA and glutaraldehyde [28,29].

3.2. Morphology and chemical constitution

The SEM images of the samples are displayed in Figs. 2(a)
and (b). It was observed that stainless steel meshes had a smooth
surface (Fig. 2(a)), and the modified stainless steel meshes
wrapped up by the coating (Fig. 2(b)). This result showed that
PVA/SiO, nanocomposite successfully coated on the surface
of mesh. A great deal of micro-folded structure was formed
by SiO, nanoparticle, which made the surface of the modified
meshes rougher. In addition, the PVA/SiO, nanocomposite
was uniformly coated onto the surface of the modified meshes.

The EDS analysis is displayed in Figs. 2(c) and (d). The
elements C, O, Fe, Cr, and Si were observed in spectrogram
(Figs. 2(c) and (d)). The elements C, Fe, and Cr were the com-
positions of the stainless steel. After coating, the weight per-
centage of C increased to 28.36%, and the new element O was
observed in the meshes. This was due to that the PVA is suc-
cessfully coated on the surface of the meshes. The increased
weight percentage of element Si in the PVA/SiO,-coated
meshes was from SiO, nanoparticle.
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Fig. 2. Morphology and chemical constitution of PVA/SiO,-coated stainless steel mesh (a) x500 and x1,000 SEM micrographs of
stainless steel mesh, (b) x500 and x1,000 SEM micrographs of PVA/SiO,-coated stainless steel mesh, (c) 100,000 SEM micrographs
of PVA/SiO,-coated stainless steel mesh, (d) EDS micrographs of stainless steel mesh, and (e) EDS micrographs of PVA/SiO,-coated

stainless steel mesh.

3.3. Wettability and stability

The wetting properties of the samples are shown in Fig. 3.
The results of CAs are displayed in Figs. 3(a)—(c). The stainless
steel mesh showed hydrophobicity in the air with the CA
of 100.9°, and the CA of the PVA-coated mesh was 31.6°. It
showed that PVA coating has a high hydrophilic, but it could
not improve the mesh to achieve superhydrophilic property.
However, Fan et al. [27] fabricated a superhydrophilic filter
paper using PVA as modifier. It was due to that the filter
paper was a hydrophilic material with itself. After modified
by PVA/SiO, nanocomposite coating, the CA of the PVA/SiO -
coated stainless steel mesh decreased to 0°. It exhibited a
superhydrophilic property. It implied that the addition of
SiO, nanoparticle could improve the hydrophilicity of the
PVA coating.

The underwater OCAs of the samples are shown in
Figs. 3(d)-(f). The underwater OCAs were examined by
dropping 1, 2-dichloroethane onto the surface. The under-
water OCAs of PVA-coated meshes and PVA/SiO,-coated
meshes were 132.9° 139.1°, and 156.6°, respectively. The
results implied that the PVA and PVA/SiO, coating could both
improve the underwater oleophobic property. Meanwhile, it
was worth noting that the PVA/SiO -coated meshes exhibited
underwater superoleophobicity. The SiO, nanoparticle could

1009° (b) 316° (© 0°

_ﬂ__‘.__

:1329 ®© 139.1° : 156.6°

Fig. 3. Contact angle (CA) and underwater oil contact angle
(OCA) measurements of the samples. (a) CA of stainless steel
mesh in the air, (b) CA of PVA-coated stainless steel mesh in the
air, (c) CA of PVA/SiO,-coated stainless steel mesh in the air, (d)
underwater OCA of stainless steel mesh, (e) underwater OCA
of PVA-coated stainless steel mesh, and (f) underwater OCA of
PVA/SiO,-coated stainless steel mesh.

improve the hydrophilicity of PVA [28], which in turn could
also constitute some micro or nanostructure [28,34]. The
formed bump structure and folded structure supplied higher
surface roughness.

The stability of the membranes is an important prop-
erty for separation. The stability of the PVA/SiO,-coated
meshes was investigated in different solutions with pH 4,
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7, and 10. The underwater OCAs of the PVA/SiO,-coated
meshes after immersing are shown in Fig. 4. The underwater
OCAs of stainless steel meshes decreased to 152.8°, 151.5°,
and 151.2° in pH 4, 7, and 10, respectively, after 48 h. Though
the underwater OCA decreased slightly, all of the immersed
PVA/SiO,-coated meshes still exhibited underwater
superoleophobicity. This result implied that this PVA/SiO,-
coated meshes could continuously work in acidic, alkaline,
and neutral environment for a relative long time (48 h), and
this PVA/SiO, nanocomposite could be stably coated onto the
surface of stainless steel meshes.

3.4. Separation efficiency and reusability

To further demonstrate the separation efficiency of the
modified meshes, a series of studies was investigated. The
separation process of oil-water with the PVA/SiO,-coated
meshes is shown in Fig. 5. As presented in Fig. 5(a), the PVA/
SiO,-coated meshes were fixed between two glass beakers.
Then, the 200 mL of oil-water mixture (about 100 mL of oil
with the yellow color and 100 mL of water dyed black using
Nigrosine water soluble) was poured onto the upper glass
beaker (Fig. 5(b)). Water permeated through the modified
meshes quickly, and oil was repelled and stayed on the mesh
(Fig. 5(c)). It is shown that the PVA/SiO,-coated meshes had a
good separation efficiency.

The separation efficiencies of the PVA/SiO -coated
meshes for hexane, cyclohexane, diesel, soybean oil, lubricat-
ing oil, and silicone oil are shown in Fig. 6. The separation
efficiency was expressed by the ratio of the separated amount

12h
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Fig. 4. The stabilities of PVA/SiOZ-Coated stainless steel mesh in
different pH. (a) Underwater OCA of PVA/SiO,-coated mesh in
pH 7, (b) underwater OCA of PVA-coated mesh in pH 4, and
(c) underwater OCA of PVA/SiO,-coated mesh in pH 10.
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Fig. 5. The separation process of PVA/SiO,-coated mesh for

oil-water separation.

and the initial amount of oil. The flux was gotten by recording
the passing time of the 100 mL water in 200 mL of oil-water
solution. The maximum separation efficiencies of the PVA/
SiO,-coated meshes for hexane, cyclohexane, diesel, soybean
oil, lubricating oil, and silicone oil could reach 99.4%, 99.3%,
99.6%, 99.0%, 98.6%, and 98.0%, respectively. The separation
efficiency declined with the viscosity of oils increasing. The
PVA-modified filter paper had a high separation efficiency,
which can reach 99.9% [27]. However, the maximum flux was
only 63 L m™h [27]. The flux of the PVA/SiO,-coated meshes
could reach 9,523 L m? h™'. Compared with many polymeric
membranes, the PVA/SiO,-coated meshes display a relatively
high fluxes in oil-water separation [34-36].

The reusability of the PVA/SiO,-modified stainless steel
mesh was shown in Fig. 7. After 50 cycles, the separation effi-
ciency of the modified meshes for hexane could still remain
above 98%. And after 100 cycles, the separation efficiency of
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Fig. 6. The separation efficiency of PVA/SiO,-coated mesh for
different oils.
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Fig. 7. The reusability of PVA/SiO,-coated mesh.
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the modified meshes declined to 95.7%. In general, the PVA/
SiO,-coated meshes showed a high reusability compared
with some polymeric or metal membranes. Wu et al. [30]
used crosslinked PVA coating to fabricate a PVA-modified
fabric. The separation efficiency of the modified fabric could
reach above 99%. However, after 10 cycles, the separation
efficiency declined below 98%. And the SiO,—polyurethane
(PU)-coated mesh [37] and TiO,-PU-coated mesh [38] could
reach 98.0% and 97.5% after 40 cycles, which was a little lower
than the PVA/SiO,-coated meshes. Hence, the filtration flux,
separation efficiency, stability, and reusability of the PVA/
SiO,-modified stainless steel mesh showed a huge advan-
tage, which would be potential for oil-water separation.

4. Conclusions

This work provided a novel and simple method for fab-
ricating the superhydrophilic-underwater superoleophobic
PVA/SiO, nanocomposite coatings on stainless steel mesh for
oil-water separation. Compared with previously reported
methods, this method was much easier to carry out. The CAs
of the PVA/SiO,-modified stainless steel meshes changed
from hydrophobicity (CA = 100.9°) to superhydrophilicity
(CA =0°). Meanwhile, the underwater OCAs of the modified
membranes could reach 156.6°, which increased 33.7°. The
maximum separation efficiency of the modified membranes
could reach 99.4%, 99.3%, 99.6%, 99.0%, 98.6%, and 98.0%, for
hexane, cyclohexane, diesel, soybean oil, lubricating oil, and
silicone oil, respectively. The PVA/SiO_ -coated meshes had
high efficiency for oil-water separation, which were appro-
priate for different oils. In addition, the modified membranes
have a high flux and reusability. After 100 cycles, the sepa-
ration efficiency could still reach above 95%. Consequently,
it is believed that this underwater superoleophobic PVA/
SiO, nanocomposite-coated stainless steel meshes could be
a promising product for the cleanup of oil spills and oily
wastewater based on their easy assembling and outstanding
properties.
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